Introduction: Minimal residual disease (MRD) remaining after curative therapy for prostate cancer has the potential for growth and can result in metastasis. Circulating prostate cells (CPCs) and bone marrow micro-metastasis (mM) could represent different types of MRD. We here determined; biochemical failure free survival rates; time to BF after 10 years follow-up; and the presence of CPCs and mM in patients treated with radical prostatectomy (RP) for prostate cancer. Methods and Patients: One month after RP, blood and bone marrow were sampled for assessment of CPCs and mM. Cases were classified as: group A, CPC negative and mM negative; group B, CPC negative and mM positive; Group C, CPC positive and mM negative; and Group D, CPC positive and mM positive. Subjects were followed with serial determination of PSA levels, recording the time at which BF occurred defined as a serum PSA >0.2ng/ml. After ten years of follow-up Kaplan-Meier survival curves were generated and the restricted mean survival time (RMST) for each group calculated. Results: A total of 321 men participated, 140 in group A with survival of 92.7% (86.3 to 96.2), 39 in group B with 55.8% (37.2 to 70.9); 54 in group C with 6.41% (1.19 to 18.21) and 88 in group D with 4.96%(1.64 to 11.13%. The RMST (in years) were: group A, 9.47 (9.24 to 9.69); group B, 9.23 (8.87 to 9.58); group C, 4.62 (4.46 to 4.77); and group D, 3.57 (3.52 and 3.63) (p-value<0.001 between groups: A versus C and D, B versus C and D). Conclusions: CPC positive men have more aggressive disease, with increased early failure; men who are only positive for mM are at greater risk of late failure. These two forms of MRD represent different clinical entities with respect to biochemical failure and could be used to guide clinical treatment decisions.
Introduction
The presence of metastatic disease will ultimately determine the prostate cancer specific mortality of patients treated with radical prostatectomy. Early in the disease process tumor cells disseminate firstly to the neuro-vascular structures and then into the circulation (Moreno et al., 1992) . It has been estimated that approximately 10 6 circulating prostate cells (CPCs) per gram of primary tumor are released into the circulation on a daily basis (Chang et al., 2000) . However, most of these CPCs will not survive, being destroyed by shear forces within the circulation or not having the phenotypic characteristics to implant and survive in distant tissues. Data derived from animal models have reported that less than 0.01% of tumor cells which enter the bloodstream2 cancer cells have been found to be present in between 13 and 72% of prostate cancer patients prior to radical prostatectomy (RP) (Ellis et al., 2003; Morgan et al., 2007; Morgan et al ., 2009) . CPCs target the hematopoietic stem cell niche in the bone marrow (Shiozawa et al., 2011) , where they implant. Once implanted, there is interplay between tumor cells and stromal microenvironment. The tumor cells may remain dormant for prolonged periods of time, factors underlying this phenomenon include balanced proliferation and apoptosis, angiogeneic suppression and immunosurveillence (Ruppender et al., 2013) . Dormant tumor cells retain the capacity to proliferate but by definition they are not currently dividing, hence they are resistant to treatments targeting cell division. Dormancy is seen in the clinical practice as the prolonged clinical disease free survival between removal of the primary tumor and disease recurrence, which is common in prostate cancer. This process is dynamic in nature, changes in the tumor cells and/or microenvironment lead to an "awakening" of dormant tumor cells, which can re-enter the circulation, where they are detected as CPCs. The detection of these secondary CPCs, those detected after primary curative therapy, is reported to be associated with a worse prognosis and early relapse (Moreno et al., 2005; Murray et al., 2013; Ma et al., 2014) , whereas the detection of mM has given inconclusive results and they may be associated with late relapse (Berg et al., 2007; Ma et al., 2014; Wood et al., 1997) . It would thus appear that CPCs and microM may represent two differing types of minimal residual disease (MRD). Our hypothesis is that patients with CPCs have a more advanced disease, that the cancer has "awaken" and there is active dissemination, whereas those with only microM have "dormant" disease and although at risk of future relapse may not do so for many years. Patients negative (within the limits of the test) for both CPCs and microM would have the best prognosis being equivalent to no MRD and possibly cured.
The objective of this study was to determine the presence of both CPCs and microM in men treated by radical prostatectomy as monotherapy, and determine the biochemical free survival and time to treatment failure in four groups, CPC and microM negative patients; CPC positive microM negative patients; CPC negative microM positive patients, and finally those patients positive for both CPCs and microM. It was also to compare these findings with the pathological findings of Gleason score, pathological stage and surgical margins.
Materials and Methods

Methods and Patients
A single center, prospective observational study of men who underwent radical prostatectomy as monotherapy for prostate cancer.
Consecutive patients undergoing radical prostatectomy for prostate cancer were invited to participate. Clinical details of age, pre-treatment serum total PSA was measured before digital rectal examination using the Siemens Advia CentaurXR® assay. Pathological study of the surgical piece was performed by dedicated genitourinary pathologists according to the Gleason system. Pathological stage was defined according to the Partin criteria, organ confined, extra capsular extension, seminal vesicle invasion and lymph node invasion (Partin et al., 2001) . A positive surgical margin was defined as cancer cells in contact with the inked surface of the specimen. All men had a nadir PSA post-surgery of < 0.01ng/ml.
Men who had previously been treated or treated with androgen deprivation therapy were excluded from the study, as were men to be considered for adjuvant radiotherapy. Men with a positive bone scan were also excluded.
Patients were followed up with serial total PSA levels, three monthly for the first year and six monthly thereafter. Biochemical failure was defined as a serum PSA >0.2ng/ml on two separate occasions. Biochemical failure free survival time was defined as the time from surgery to the time of a post-surgery PSA of > 0.20ng/ml or last follow up date. a) Detection of secondary circulating prostate cells: one month post-surgery an 8mL venous blood sample was taken and collected in a tube containing EDTA (Beckinson-Vacutainer). Samples were maintained at 4º C and processed within 48 hours. CPC detection was independently evaluated with the evaluators being blinded to the clinical details.
Collection of CPCs: Mononuclear cells were obtained by differential centrifugation using Histopaque 1,077 (Sigma-Aldrich), washed, and resuspended in an 100 μL aliquot of autologous plasma. 25 μL aliquots were used to make slides (silanized, DAKO, USA), were dried in air for 24 hours and fixed in a solution of 70% ethanol, 5% formaldehyde, and 25% phosphate buffered saline (PBS) pH 7.4 for five minutes and finally washed three times in PBS pH 7.4 .
Immunocytochemistry: secondary CPCs were detected using a monoclonal antibody directed against PSA, clone 28A4 (Novocastro Laboratory, UK), and identified using an alkaline phosphatase-anti alkaline phosphatase based system (LSAB2, DAKO, USA), with new fuchsin as the chromogen. Samples positive for PSA staining cells underwent a second process. The slides were incubated with anti-CD45 clone 2B11 + PD7/26 (DAKO, USA) and cells identified with a peroxidase based system (LSAB2,DAKO, USA) with DAB (3,3 diaminobenzidine tetrahydrochloride) as the chromogen. A secondary CPC was defined according to the criteria of ISHAGE (International Society of Hemotherapy and Genetic Engineering) (Borgen et al., 1999) . A CPC was defined as expressing PSA but not CD45 and a leukocyte as expressing CD45 but not PSA (Figure 1) . A test was considered positive for secondary CPCs when at least 1 cell/8mL of blood was detected; the number of CPCs detected/8ml blood simple was registered. .
In order to assess the reliability/reproducibility of CPC detection using this method, thirty samples in duplicate were analyzed by three different trained cytologists in a blinded fashion to determine the presence or absence of CPCs.
b) Bone marrow biopsy:
Although previous studies have used bone marrow aspirates to detect mM we used biopsy specimens. We have previously reported that prostate tumor cells detected in bone marrow aspirates are phenotypically different than those prostate cells detected in bone marrow biopsies and may not represent "true" micrometastasis but rather cells circulating within the bone marrow (Murray, Reyes et al., 2012) . For this reason bone marrow biopsy "touch preps" were used as the sample to test for mM.
A bone marrow biopsy was taken from the posterior superior iliac crest one month after surgery and the sample used to prepare four "touch preps" using sialinized slides (DAKO, USA). The slides were air dried for 24 hours and fixed in a solution of 70% ethanol, 5% formaldehyde and 25% phosphate buffered saline (PBS) for five minutes and then washed three times with PBS. All four slides were processed as described for CPCs, a mM was defined as cells staining positive for PSA and negative for CD45.
The patients were divided into four groups according knots) of the independent variables (Lambert and Royston, 2009; Royston and Lambert, 2011) . The calibration aspect of the model refers to agreements between the predicted outcome and observed outcome (Royston, 2015) and is shown graphically comparing predicted survival and observed survival (Kaplan-Meier) ( Figure 2) .
The discrimination of a prognostic model reflects its ability to distinguish between patient outcomes. We calculated: a) the Harrell's C discrimination index, b) The Royston and Sauebrei´s D statistic (R2D) (Royston, 2015) . The Harrell's C is scored on a scale of 0 to 1. This can be taken to mean that if two cases are drawn at random, the c statistic is the probability that the person who survives the longest had the highest predicted survival. Values near 0.5 suggest the prognostic score is equivalent to a coin toss in determining which patient will live longer, while values near 0 or 1 indicate perfect discrimination. The Royston and Sauebrei´s D statistic indicates the explained variation for the selected model (Royston, 2015) .
The Restricted Mean Survival Time (RMST) is the mean time for the event to occur; its clinical interpretation is dependent upon the studied event and the follow up time. It is determined by calculating the area under the survival curve (Royston and Parmar, 2011; Royston and Parmar, 2013) . On our study this area was estimated as non-parametric curves (Kaplan-Meier) using numeric integration methods (Royston, Parmar, 2011) and pseudo-values (Andersen and Perme, 2010; Royston and Parmar, 2013) ; also, the area was calculated as parametric curves using the so called "flexible parametric" (FP) model (Royston and Parmar, 2013; Royston and Lambert 2011) . It differs from the more common use of median survival or median time to treatment failure in that it is a nonparametric method, which is the gold standard for statistical analysis whereas the proportional hazards ratio is semi-parametric. The RMST has been reported to be more sensitive than proportional hazards models and important in the analysis of time dependent data (A`Hern, 2016).
Ethical considerations
The study was approved by the local ethics committee and in complete agreement with the Declaration of Helsinki. All patients provided written informed consent.
Results
321 men participated with a mean age of 65.5 ± 8.3 years. The median serum total PSA at the time of diagnosis was 5.48ng/ml (IQR 3.26ng/ml. The median Gleason score was 6 and the median pathological stage was pT2. to the presence or absence of CPCs and mM.
Group A negative for both CPCs and mM patients "cured" or without evidence of MRD; Group B CPC negative, mM positive considered as bony mM without dissemination "dormant"; Group C CPC positive mM negative considered as active dissemination from non-bony mM "awakened", and Group D CPC and mM positive considered as active dissemination from bony mM "awakened".
Study end point: The primary study end point was the presence of biochemical failure and secondary end point mean time to failure after primary treatment.
Statistical analysis
The analysis was performed using the program Stata (Stata/SE 14.0 for Windows, Stata Corp Lp, 20159), describing according to the nature and distribution of the quantitative and ordinate variables with measurements of central tendency (mean and median) and of dispersion using the inter-quartile range (IQR) and standard deviation (SD) (Rosner, 2015) . The Shapiro-Wilk Test was used to define the null hypothesis with respect to the normal distribution. The nominal variables were described as proportions with their respective confidence intervals (Rosner, 2015) . In this description, the subjects were divided into four prognostic groups A, B, C and D as previously described.
For the internal validation thirty subjects were assessed by three different cytologists the observed and expected intra and inter-observer agreements were determined, as well as the Kappa statistic to assess the intra and inter-observer reliability of the test for the presence or absence of CPCs.
The four prognostic groups, according to respective variable distribution and nature were compared for age, total serum PSA, pathological Gleason score, pathological stage, extra-capsular extension, surgical margins, seminal vesicle and lymph node infiltration. Chi squared and Fishers´ Exact tests were used to compare frequencies. The one-way analysis of variance was used to compare means. The Kruskal-Wallis test was used to test whether samples originate from the same distribution. A p value <0.05 was taken to signify statistical significance and all tests were two tailed (Rosner, 2015) .
Using the presence or absence of CPCs and/or mM, a Flexible Parametric Survival Model (FP Model) was performed to evaluate the Biochemical failure during the ten-year follow-up. The FP model should be understood as a regression methodology in which the dependent variable is the survival for the studied outcome. This methodology uses the transformation of the independent variable (restricted cubic splines) (Lambert and Royston, 2009; Royston and Lambert, 2011) . In this study, we used the dummy variables the presence of mM and CPC and its iteration respective with time. Transformations of the independent variables generate different FP models. The final model selection was based on the likelihood (less than 0.05) and Bayesian (BIC) and Akaike (AIC) criteria which determine the best adjustment. The degrees of freedom (DF) and the degrees of freedom for each time-dependent effect (DFTVC) indicate the transformations (number of
The intra and inter-observer reliability of the test for the presence or absence of CPCs
The presence or absence of CPC in thirty subjects was analyzed in duplicate by three different cytologists, the expected and observed inter operator agreement were respectively 51.6% and 88.9%. Also the expected and observed intra operator agreement was respectively 52.2% and 90.0%. The Kappa statistic for inter and intra operator reliability for the presence or absent CPC were respectively 0.77 (CI 95%: 0.58 to 0.82) and 0.79 (CI 95%:0.66 to 0.92) considered to be good.
Prognostic evaluation
The four prognostic groups were as follows; group A: 140 subjects (43,61%; 95%CI: 36.19 to 49.04), group B: 39 subjects (12,15%; 95% CI: 8.58 to 15.72) , group C: 54 subjects ( 16.82%; 95% CI: 12.73 to 20.91) and group D: 88 subjects (27.41% ; 95% CI: 22.53 to 32.29). Table I shows the comparison between the prognostic groups; there were significant differences in the serum total PSA between groups A and C; A and D and B and D. There were significant differences in the Gleason score comparing group A with the Groups B, C and D. The presence of extra-capsular extension and positive surgical margins significantly increased from group A through to group D. Seminal vesicle and lymph node infiltration were only present on group D.
After 3, 5 and 10 years of follow up, the KaplanMeier biochemical free survival for the whole group was respectively: 78. The flexible parametric survival model using hazard ratios, incorporates the presence of CPC and micrometastasis, with four degrees of freedom for baseline hazard functions (DF4) and CPCs as a variable time-dependent effect (TVC) with one degree of freedom (DFTVC1). The adjust measures showed a log likelihood of -215.01, AIC: 446.02 and BIC: 476.19.
After 10 years of follow-up, there was agreement when comparing the predicted (according to the model of Cox) versus observed survival (model Kaplan-Meier) (Figure 2, Table 2 ). Harrell's C discrimination index and The Royston and Sauebrei´s D statistic (RD 2 ) were respectively 0.92 and 0.94.
The RMSTs differences at 10 years for each methodology are presented in Table III . The Three estimation methods (pseudovalues, numerical integration, pseudovalues and Model FP) showed concordant results in all four prognostic groups. It can be seen that groups A and B had similar RMSTs, that of 9 years, whereas those with the presence of CPCs, groups C and D had similar but significantly shorter RMSTs, that of approximately four years. This identifies two types of MRD; firstly that with the presence of CPCs. These patients have a shorter time to biochemical failure and a higher failure rate. This is compatible with a more aggressive disease and identifies patients who may need early adjuvant therapy.
The second type of MRD is those men CPC negative but have bone marrow mM detected. These patients had an increased biochemical failure rate after five years of follow-up with compared to the "cured" group A patients, the RMST was similar to those patients in group A. These patients are different to CPC positive patients in that there is delayed rather than early failure.
Discussion
Total serum PSA is used to monitor patient's post RP, assuming that the PSA measured is secreted from prostate tissue not removed at surgery or from local or systemic micrometastatic foci of prostate cancer. The recommended cut off value of 0.2ng/ml is used to define treatment failure and the need to consider additional therapy in these asymptomatic men. However totals serum PSA does not differentiate between local or systemic disease, nor does it predict or differentiate between possible early or late treatment failure.
The results of this study show that there are two types of minimal residual disease, which can be detected before total serum PSA increases. Early studies using the detection of cells in bone marrow aspirates (before CPC testing became available) did not find a predictive association with treatment failure. Possibly because it did not distinguish between CPC (+) and CPC (-) subtypes of mM disease or because of insufficient follow up time and the effect of dormancy.
The use of CPCs is dependent on the methodology used, using the EpCAM (Epithelial Cell Adhesion Molecule) based CellSearch® system, the frequency of patients positive for CPCs is less than 25% in men with localized cancer (23-24), and was similar in controls and men with cancer (Davis et al., 2008) . However, using an anti-Ber-4 and telomerase based method, CPCs were detected in 80% of men with localized cancer (Fizazi et al., 2007) , similar to the method using anti-PSA, anti-P504S used in our study. One explanation of the failure of EpCAM based systems to detect CPCs is the failure to include tumor cells that have reduced or absent EpCAM expression secondary to the epithelial mesenchymal translation, and fails to detect between benign and malignant circulating tumor cells (PaterliniBrechot and Benali, 2007) . The use of differing methods to detect circulating tumour has been extensively reviewed (Panteleakou et al., 2009) , comparing the advantages and disadvantages of differing methods and the significance of a positive test.
Anti-PSA was chosen to detect CPCs, based on its specificity for prostate tissue, and CPCs detected after radical prostatectomy using this method have been associated with increased early biochemical failure (Murray et al., 2016) . We have internally validated the CPC detection system based on PSA, with a good concordance between and within differing observers. Its main advantage is the low cost and can be implemented in a routine immunocytochemistry laboratory of a general hospital. We chose a positive/negative result so as to ease clinical decisions, although false positive results may occur the statistical analysis supports a positive/negative based test with regards to treatment failure.
Men who are secondary CPC (+) after RP have a 50% treatment failure rate three years after treatment, with a mean time to treatment failure of approximately four years. This is independent of whether the patient was positive for bone marrow mM, that is to say local or systemic disease. These patients had a higher frequency of adverse prognostic factors, higher pathological stage, higher Gleason score, extra-capsular extension and positive surgical margins. It could be argued that independent of CPC status these patients should be considered for adjuvant therapy. However 36% of men CPC (+) men had pT2 disease. In those mM negative it could be argued that adjuvant radiotherapy would be sufficient; however in those positive for mM systemic therapy would be more appropriate. This hypothesis is beyond the scope of this study however it warrants investigation.
In men mM positive but CPC (-) the prognosis is much better, at least for the first five years. Using immunocytochemistry does not differentiate between "dormant" and "awakened" cancer foci. However the presence of mM may play a role in dormancy and as shown in this study associated with late relapse. Since 20-60% of men with no evidence of disease 5 years after surgery harbour mM (Morgan et al., 2009; Wood et al., 1997) should or could these men be treated to prevent the development of potential overt metastasis? At present there are no targeted therapies to eliminate dormant mM or to maintain dormancy. Use of androgen deprivation eliminated bone marrow mM in 20 of 21 initially positive patients (Pantel et al., 1997) . There is some evidence that zoledronic acid may have a positive influence on survival due to its effect on bone marrow mM .
How could these results influence clinical management of patients? At present all men are followed in the same manner after radical prostatectomy with serial PSA measurements, until treatment failure defined as a serum PSA > 0.2ng/ml or the patient is lost to follow up. Serum PSA is used as a measure of minimal residual disease, any increase with time being taken to represent an increase in residual prostate cancer. The results show that before increases in serum PSA levels, two different types of minimal residual disease exist and furthermore have different clinical characteristics.
Firstly CPC detection is associated with early relapse; however, by itself CPC detection does not indicate whether this disease is local or systemic. It has been suggested that combining with bone marrow mM detection, this group of CPC positive men could be defined as local or systemic disease based on mM negative or mM positive respectively (Murray et al., 2015) . Men only mM positive are at risk of delayed treatment failure and thus need long term follow up. There would appear to be no need for early treatment especially if this treatment would affect quality of life. The role of the microenvironment on maintaining tumour cell dormancy has been reviewed (Lam et al,.2014 ), owing to limited understanding of the biology of these cells there are no targeted therapies to maintain tumour cell dormancy or eradicate them. As such these patients are observed until disease progression as defined by an increased PSA. The question arises if these cells should be targeted to prevent the development of potential overt metastasis? The use of bisphosphonates has been suggested for their role in the eradication of bone marrow tumour cells . This would be a relatively non-toxic treatment and protect against osteoporosis in an aging male population.
Men negative for both CPC and mM have the best prognosis and such could need less frequent follow up.
In summary the results show it is possible to classify men into four groups post PR, prior to increases in PSA levels, those negative for CPCs and mM with an excellent 10 year survival rate. Men CPC positive have a high risk of early failure and should be considered for adjuvant therapy; those men negative for mM may need only local therapy whereas those positive for mM may benefit more from systemic therapy. The fourth group of men being positive only for mM have an increased risk of delayed failure; whether the use of bisphosphonates could decrease the treatment failure rate remains to be seen.
The detection of CPCs and mM using standard immunocytochemistry does not require high cost technology and can be implemented in the routine immunocytochemical laboratory of a district hospital and the results seem to indicate that clinically useful information is obtained. Further studies are required to determine whether or not treatment selections based on CPC and mM improve treatment results.
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